], the relative change in the rate the rod's temporal responsiveness and improves its of synthesis will be n GC -fold greater than the relative signal-to-noise ratio by minimizing fluctuations in change in the [Ca 2ϩ ], where n GC is the cooperativity of cGMP. 
] as well as lags in the operation the membrane-bound forms of guanylate cyclase (GC), of the GCAPs themselves should contribute to the loop GC-1 and GC-2. In the dark, cGMP holds open cGMPkinetics and define the contributions of the loop to rod sensitive cation channels in the plasma membrane; function. these channels provide an inward current that partially To abolish Ca 2ϩ feedback to GC, we disrupted GCAP1 depolarizes the cell. Upon absorbing a photon, rhodopand GCAP2 expression in mice using standard transsin activates many copies of the G protein transducin, genic techniques described in Mendez et al. (2001) . Uswhich in turn activate cGMP phosphodiesterase (PDE). ing suction electrodes, we then recorded from single Hydrolysis of cGMP by PDE reduces the cGMP concenintact rods from wild-type (ϩ/ϩ) or GCAPs Ϫ/Ϫ rods. Comtration ([cGMP]) in the outer segment, allowing cGMPparison of responses in which the phototransduction gated channels to close. This reduces the inward current cascade operated with the feedback loop closed (ϩ/ϩ) and allows the rod to hyperpolarize until GC restores or opened (Ϫ/Ϫ) allowed us to estimate the loop gain the original cGMP concentration.
(g L ) and kinetics, as well as the maximal light-induced During the response to light, the influx of Ca 2ϩ into increase in GC activity. The GCAPs Ϫ/Ϫ rods also allowed the outer segment declines, while Ca 2ϩ continues to be us to measure the rate of thermal isomerization of mouse extruded from the outer segment by a Na ϩ /Ca 2ϩ , K ϩ rhodopsin and to assess the contributions of other Ca 2ϩ -dependent mechanisms to the form of the single photon response and to light adaptation.
arisen from an unexpected increase in light-triggered PDE activity in the GCAPs Ϫ/Ϫ rods. Using the rising phase analysis of Pugh and Lamb (1993) , we calculated the time course of the light-triggered PDE activity in GCAPs Ϫ/Ϫ and wild-type rods (see Experimental Procedures). At all flash strengths examined, the rate of rise of the light-evoked PDE activity at early times was the same in GCAPs Ϫ/Ϫ and control rods ( Figure 2B ). Thus, there was no evidence for changes in the expression levels or catalytic activities of the proteins that generate the response. We infer that the differences between GCAPs Ϫ/Ϫ and wild-type responses arise solely from opening the feedback loop that normally controls GC activity.
To assess how rapidly the feedback loop responds course of ␣ after a flash is superimposed upon the mean wild-type single photon response in Figure 2D . After a lag of about 40 ms, GC activity rose at a rate similar to Results that of the flash response, reaching a maximum 150 ms after the flash. The peak of the GC activity was followed Ca 2؉ Regulation of GC Activity in Darkness by a rapid restoration of the membrane current, presumand during the Single Photon Response ably the result of cGMP injected by the sudden rise in To study Ca 2ϩ feedback to GC, we recorded the mem-GC activity. Following the initial restoration of the inward brane current of single mouse rods in which the feedcurrent, the cyclase activity underwent a rapid decline back loop was operating normally (ϩ/ϩ) or was opened followed by an undershoot during which the GC activity by disruption of the expression of GCAP1 and GCAP2 was less than the dark value. Presumably the decline using gene-targeting techniques (GCAPs Ϫ/Ϫ ). In a previand undershoot reflect rapid inhibition of GC activity by ous study, we found that loss of GCAPs expression the sudden increase in [Ca 2ϩ ] that accompanied the abolished Ca 2ϩ regulation of GC activity but had little restoration of the inward current. The derived time effect on the expression of other genes or retinal morcourse of GC activity suggests that Ca 2ϩ initially actiphology (Mendez et al., 2001 To explore this possibility, we examined the effect of GC's regulation (n GC ) is 3.7.
As a second measure of g L , we compared the steadythe feedback loop on the much smaller, spontaneous changes in cGMP concentration that occur in the dark state responses of Ϫ/Ϫ and wild-type rods to steps of light. The intensity at which the GCAPs Ϫ/Ϫ step response (see below). was half-maximal was 13-fold dimmer than the corresponding intensity for wild-type rods (see Figure 7B) ] to fall to a minimum and its temporal characteristics. Indeed, the predicted specthat responses recover along a common, translatable trum of the filtered noise (triangles, Figure 4B For the range of flash strengths over which the PDE decay time constant was invariant (50-3000 photons/ m 2 ), the average value of ⌬t was 0.5 s ( Figure 5A ). This corresponds to a 12-fold relative maximal activation of GC by GCAPs in mouse rods, very similar to the 11-fold value obtained above. Table   approximately 1). This is likely aided by the high cooperativity of GC activation and suggests that the activation of GC appar- 
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